An integral membrane protein that is composed of an amino-terminal intracellular region, a transmembrane domain and a carboxyterminal extracellular region (for example, Ly49).
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. The tumour necrosis factor (TNF) ligand superfamily, and the receptors that mediate their effects, is a cytokine-receptor subgroup that has attracted considerable interest as a potential source of therapeutic targets for the management of complex human diseases. TNF superfamily ligands are primarily expressed as type II transmembrane proteins, but in some cases they are processed into smaller, secreted proteins that retain biological activity 2, 3 . Both the anchored and soluble cytokines contain a C-terminal TNF homology domain that mediates self-trimerization and receptor binding. TNF superfamily members bind to one or more members of the TNF receptor (TNFR) superfamily, most of which are type I or type III transmembrane proteins 2, 3 . These receptors are characterized by the presence of an extracellular, ligand-binding region containing one to four cysteine-rich domains and a cytoplasmic tail containing one or more adaptor-protein binding sites.
TWEAK (also known as TNFSF12, APO3L, CD255) and its cognate receptor Fn14 (also known as TNFRSF12A, TWEAKR, CD266) are members of the TNF and TNFR superfamilies, respectively, and the discovery of this cytokine-receptor axis was in itself an interesting scientific journey. In 1997, Chicheportiche et al. 4 reported the identification of a novel TNF-like protein that had pro-apoptotic activity on interferon-γ (IFN-γ)-treated human HT-29 colon carcinoma cells. Consequently, they named this cytokine TNF-like weak inducer of apoptosis (abbreviated to TWEAK). These investigators were recipients of unexpected good fortune, as they were not originally aiming to identify new TNF superfamily members; indeed, the TWEAK cDNA was cloned during a screen for erythropoietin-related mRNAs in mouse macrophages. In 1998, Marsters et al. 5 reported the identification of the same protein by searching an expressed sequence tag database for TNF-α-related sequences. As they found that it could bind to a previously discovered TNFR superfamily member named APO3 (DR3), they named the protein APO3 ligand (abbreviated APO3L). TWEAK (APO3L) did have some capacity to induce cell death, and DR3 was considered to be a so-called 'death receptor' , so this interaction seemed plausible. However, when studies were published in 1999 and 2000 indicating that TWEAK could act on DR3-negative cells 6, 7 and did not always induce cell death when added to cells in culture 7, 8 , it became clear that there was probably another TWEAK receptor. In 2001, Wiley et al. 9 reported that they had successfully used a cDNA expression Nature Reviews | Drug Discovery Fn14 identified as TWEAK receptor 9 TWEAK gene discovery 4 
Type I transmembrane protein
An integral membrane protein that is composed of an amino-terminal extracellular region, a transmembrane domain and a carboxyterminal intracellular region (for example, T-cell receptors).
Type III transmembrane protein
An integral membrane protein with a similar orientation as a Type I protein but lacking a signal peptide (for example, B-cell maturation antigen (BCMA)).
library screening approach to isolate a cDNA clone that encoded a TWEAK-binding protein. They named this protein TWEAK receptor (abbreviated TWEAKR). The predicted amino-acid sequence of TWEAKR was identical to that of a type I transmembrane protein that our group had discovered in the late 1990s. We had named this protein fibroblast growth factor-inducible 14 (abbreviated to Fn14) because its expression was upregulated when quiescent cells were exposed to either fibroblast growth factor 1 (FGF1) or FGF2 and because its predicted molecular mass before signal peptide cleavage was ~14 kilodaltons 10, 11 . The discovery that TWEAK was a ligand for Fn14 was very fortunate for our group, because up to that point we had concluded that Fn14 was just a small cell-surface protein that might modulate cell-extracellular matrix interactions 10 . Indeed, we now recognize that we were unable to classify Fn14 as a member of the TNFR superfamily by sequence database searches because individual family members have low primary sequence similarity. It has now been convincingly demonstrated that TWEAK binds to Fn14 but not to any other TNFR superfamily member, including DR3 (Ref. 12) . Therefore, previous studies that investigated TWEAK function using soluble DR3-Fc decoy proteins should be interpreted with this in mind [13] [14] [15] . The number of TWEAK-Fn14 axis papers that have been published annually has increased during the past decade (fIG. 1) , a trend which suggests that more research groups are encountering one or both of these molecules during the course of their studies. This Review will summarize some of the most unique and also puzzling aspects of TWEAK and Fn14 biology. Particular emphasis will be on recent findings supporting the notion that this ligand-receptor axis may contribute to tissue repair after injury and the pathogenesis of several diseases that together are responsible for significant morbidity and mortality worldwide. Strategies that could be useful for therapeutic targeting of this axis will also be discussed. The reader is referred to recent review articles by vince and Silke 16 and Burkly et al. 17 for additional information on the TWEAK-Fn14 axis and other perspectives on its likely function in normal and diseased tissues.
TWEAK: not just a weak inducer of apoptosis TWEAK structure. TWEAK is initially synthesized as a 249-amino-acid type II transmembrane protein. TWEAK has a C-terminal extracellular region (206 amino acids; comprised of a stalk region and a prototypical TNFhomology domain containing one potential N-glycosylation site); a transmembrane domain (25 amino acids); and an N-terminal intracellular domain (18 amino acids; containing a potential protein kinase C phosphorylation site) 4, 5 . It has been reported that TWEAK contains several putative nuclear localization sequences and that endogenously expressed TWEAK may enter the cell nucleus 18, 19 . However, more studies are necessary to assess both the importance of these sequence motifs (for example, using site-directed mutagenesis) and determine whether TWEAK nuclear localization occurs in other cell types. Full-length TWEAK is proteolytically processed in the C-terminal region, most probably at one or both of the furin endoprotease consensus recognition motifs in the stalk portion, and the 156-amino-acid proteolytic product can function as a soluble cytokine 4 . Recombinant soluble TWEAK purified from human embryonic kidney (HEK) 293 cells is a homotrimeric, N-glycosylated molecule 6 . Cells can co-express both full-length, plasma-membraneanchored TWEAK and soluble TWEAK 4, 20, 21 , but the mechanism controlling the relative production of these two forms is not known, nor is it known if full-length TWEAK can bind and activate the Fn14 receptor.
TWEAK gene expression. TWEAK, in contrast to other TNF superfamily members (for example, TNF-α 5 ), is a widely expressed cytokine. Indeed, TWEAK mRNA and/ or protein expression has been detected in many different tissues 4, 5, 19, [22] [23] [24] [25] and tumour specimens 20, 23, 26, 27 . TWEAK is also expressed in primary murine neurons 28 and astrocytes 28, 29 , in monocytes/macrophages 4, 21, 22, 30, 31 and in various human tumour cell lines 4, 5, 20, 26, 27 . It has been reported that IFN-γ 30, 32 or phorbol myristate acetate 30 treatment of human primary monocytes can increase TWEAK levels, as determined by fluorescence-activated cell-sorter analysis. Also, lipopolysaccharide (LPS) treatment of human THP-1 monocytic cells induces TWEAK mRNA expression 25 ; curiously, LPS treatment of murine peritoneal macrophages has the opposite effect 22 . Finally, TWEAK expression is upregulated in three murine models of acute injury; specifically, in the brain after focal cerebral ischaemia 28, 33 , in the kidney after intraperitoneal injection of folic acid 34 and in skeletal muscle after cardiotoxin injection 31 . These results suggest that under these conditions TWEAK could play a role in either tissue injury or repair.
TWEAK biological activities.
In the past decade, it has become apparent that TWEAK is a multifunctional cytokine, and one issue that is constantly raised is whether all TWEAK-mediated cellular responses occur by binding to a single cell-surface receptor; specifically, the TNFR superfamily member Fn14. In 2003, Polek et al. 35 reported that TWEAK-stimulated murine RAW264.7 cell differentiation occurred in an Fn14-independent manner and proposed that these cells expressed a second TWEAK receptor, but there have been no subsequent reports by this or any other group describing this putative receptor. More recently, Bover et al. 36 reported that TWEAK can bind to CD163, a cysteine-rich scavenger receptor that is expressed exclusively on the monocyte/ macrophage lineage. This is an interesting finding as a TWEAK-CD163 interaction could have biological relevance during the inflammatory response and in the tumour microenvironment (see below). In summary, although one cannot rule out that TWEAK may act on some cells via CD163 or other, as yet unidentified, cell-surface molecules, at the present time Fn14 is the only known signalling-competent receptor. Therefore, throughout this Review, it will be assumed that TWEAK activity on all cell types is mediated by this receptor.
TWEAK activity in cell-culture-based assays. TWEAK has been shown to regulate cell proliferation, migration, survival, differentiation and death when added to either human, mouse or rat primary cells or immortalized cell lines cultured in vitro (TABLe 1) . In most of these studies the investigators used recombinant human soluble TWEAK produced in bacteria, which indicates that TWEAK glycosylation is not required for biological activity and that human TWEAK can bind to the mouse and rat Fn14 receptors. TWEAK-Fn14 human and mouse crossreactivity has been confirmed biochemically 12 , and this is not unexpected as the TWEAK and Fn14 amino-acid sequences are remarkably conserved throughout evolution 4, 37, 38 . In general, soluble TWEAK promotes cellular responses when added to culture medium at a final concentration of 10-1,000 ng per ml (0.6-60 nM). At the present time, how TWEAK binding to Fn14 can have such diverse cell-type-specific biological effects is not understood, but the differential activation of intracellular signalling cascades is likely to be one explanation (see below). It is particularly puzzling how the TWEAK-Fn14 interaction can induce cell death, although it should be emphasized that in most cases this TWEAK effect is relatively weak, requires long incubation periods, and can only be detected when the target cells are sensitized by either pre-treatment with cycloheximide or co-incubation with other cytokines. Also, it has been reported that TWEAK-stimulated Kym-1 cell death is an indirect effect, mediated by TNF-α-TNFR1 interaction 6, 39 , and it is possible that TWEAK induces the production of TNF-α (or other death cytokines such as FASL) when added to other cell lines. The Fn14 cytoplasmic tail does not contain a canonical death domain, so it is unlikely that TWEAK binding to Fn14 can trigger the extrinsic apoptotic pathway that is characterized by formation of the death-inducing signalling complex and caspase 8 (or caspase 10) activation 40 . There have been some studies investigating whether TWEAK-induced cell death is caspase-dependent, but this is still an unresolved issue. This is primarily because in most of these studies TWEAK was just one component of a death-inducing cytokine cocktail 34, 39, 41, 42 , and in one of the studies the target cells were stably transfected cell lines expressing artificially high levels of the Fn14 receptor 42 . Finally, it has been reported that TWEAK-triggered neuronal cell death requires nuclear factor-κB (NF-κB) activation 33 , so this signalling pathway may contribute to the apoptotic effects that have been noted in other cells as well.
Studies testing the effects of TWEAK on cells cultured in vitro have helped investigators to formulate specific hypotheses regarding the potential role of TWEAK in vivo. For example, the observation that TWEAK can stimulate endothelial cell growth and migration in vitro 8, 38, [42] [43] [44] led our group and others to test whether it could induce blood-vessel formation, a process referred to as angiogenesis (see below). Also, two groups have reported that TWEAK promotes myoblast proliferation and thereby inhibits myoblast differentiation in vitro 31, 45, 46 . These findings led to additional research investigating whether TWEAK can regulate skeletal-muscle formation in mice. Finally, the finding that TWEAK can both stimulate osteoclast differentiation and inhibit osteoblast differentiation in vitro 35, 47 suggests that it may have a role in pathological bone remodelling. For example, breast cancer cells frequently metastasize to bone and in most cases this results in osteoclast-mediated bone resorption (osteolysis), which can lead to bone pain and fractures 48 . As breast cancer cells express TWEAK (J. Winkles, unpublished observations), they could deliver this cytokine into the bone microenvironment, where it could act in concert with other cytokines (for example, the TNF superfamily member RANKL) and hormones (for example, parathyroid hormone-related protein; PTHR) to promote bone destruction. This is a testable hypothesis as well.
TWEAK activity in rats and mice. In 1999, Lynch et al. 8 reported that soluble TWEAK could stimulate angiogenesis when delivered into the rat cornea (50-200 ng dosage per eye) and they noted that this pro-angiogenic activity was comparable to that exhibited by the wellknown angiogenic polypeptides vascular endothelial growth factor A (vEGFA) and FGF2. This activity has been confirmed using other angiogenesis assays, including the chick embryo chorioallantoic membrane (N. Boudreau and J. Winkles, unpublished observations); rat fatpad (T. Rosengart and J. Winkles, unpublished observations); and rat aortic ring (J. Winkles, unpublished observations) assays. These findings identify TWEAK as a potential regulator of physiological and/or pathological angiogenesis in vivo.
Several research groups have studied TWEAK function using transgenic and/or gene knockout mice, and these studies have revealed that elevated TWEAK levels can have physiological consequences in vivo and that TWEAK can have either positive (beneficial) or negative (detrimental) biological effects, depending on the tissue injury or disease model that is used (TABLe 2) .
Both the Tweak-null mice (derived at Genentech) and the Fn14-null mice (derived at Biogen Idec) described to date are viable and fertile with no gross abnormalities; thus, TWEAK-Fn14 function is not required for embryonic development or postnatal growth 30, 49 . In addition, although it has been reported that the Tweaknull mice exhibit spleen and lymph node enlargement, increased natural killer cell numbers and activity, an enhanced innate inflammatory response and stronger adaptive antitumour immunity 30 , independently generated Tweak-null mice do not exhibit all of these immune system abnormalities 17, 50 . The basis for this apparent phenotypic difference between the two Tweak-null mouse lines is unknown at this time.
Studies using genetically engineered mice have indicated that TWEAK-Fn14 signalling could have a role in the pathogenesis of autoimmune inflammatory diseases. Specifically, transgenic mice engineered to produce soluble TWEAK in the liver have elevated levels of circulating TWEAK and develop a more severe form of experimental autoimmune encephalitis, a model for multiple sclerosis 29 . Also, Zhao et al. 50 reported recently that, when compared with wild-type littermates, Fn14-null mice have decreased kidney inflammation and damage in a model of systemic lupus erythematosus (SLE).
TWEAK also appears to function in a deleterious manner in the brain. TWEAK increases blood-brain barrier permeability when injected into the nonischaemic mouse brain 51 , and when compared with wild-type littermates, Fn14-null mice have less brain tissue damage, less oedema and faster motor recovery in a permanent middle cerebral artery occlusion ischaemic stroke model 52 . However, under certain experimental conditions, TWEAK activity can be beneficial, not detrimental. Jakubowski et al. 49 used TWEAK transgenic mice, adenovirus-mediated TWEAK overexpression and Fn14-null mice to test whether TWEAK was a physiological regulator of liver regeneration. They found that TWEAK was a mitogen for liver progenitor (oval) cells and that endogenous TWEAK contributed to liver progenitor expansion after chemical injury.
Finally, genetically engineered mice have also been instrumental in revealing that TWEAK can have beneficial and detrimental functions in the same tissue -in this case, skeletal muscle. Adult mammalian skeletal muscle undergoes a rapid and extensive repair process after injury, which is characterized by necrosis of the damaged tissue, activation of an inflammatory response and muscle regeneration. The activation of satellite cells, a population of undifferentiated myogenic cells within adult muscle, is a key element in muscle repair 53 . Girgenrath et al. 31 reported that compared with wildtype mice, Fn14-null mice had a reduced inflammatory response and delayed muscle-fibre regeneration following intramuscular injection of the snake-venom peptide cardiotoxin, a known trigger for satellite-cell-mediated skeletal muscle repair. This result identifies the TWEAK cytokine as a novel positive regulator of adult regenerative myogenesis in vivo. Remarkably, TWEAK can also function as a negative regulator of the musculature. Dogra et al. 54 found that intraperitoneal TWEAK injection (100 µg per kg body weight; one injection per week for 4 weeks) decreased overall body weight as well as hindlimb-muscle weight and fibre diameter. This is consistent with their results demonstrating that TWEAK can promote C2C12 myotube atrophy in vitro. Furthermore, skeletal-muscle-specific overexpression of full-length TWEAK in transgenic mice results in reduced body weight and loss of muscle mass 54 . Thus, TWEAK-Fn14 axis function can both contribute to muscle repair after injury and stimulate skeletal muscle atrophy, or wasting, a process that is associated with numerous chronic diseases.
The Fn14 receptor: small but powerful Fn14 structure. The Fn14 receptor is the smallest TNFR superfamily member described so far. It is initially synthesized as a 129-amino-acid type I transmembrane protein that is then proteolytically processed by signal peptidase into a 102-amino-acid cell-surface receptor [9] [10] [11] . TWEAK binds to Fn14 with an interaction affinity constant (K d ) of ~0.8-2.4 nM 9, 38, 43 , and it is the only TNF superfamily member that can bind this receptor 12 .
The Fn14 extracellular ligand-binding region, only 53 amino acids in length, contains a single cysteine-rich domain (fIG. 2a) . Site-specific mutagenesis has revealed that TWEAK binding to the Fn14 cysteine-rich domain requires all three of the predicted disulphide bonds and several charged, evolutionarily conserved amino-acid residues 38 (fIG. 2b). The Fn14 cytoplasmic tail, only 28 amino acids in length, contains a single TNFR-associated factor (TRAF) consensus binding motif (fIG. 2a) , and TRAF1, TRAF2, TRAF3 and TRAF5 are able to bind this site 55, 56 . Interestingly, it has been reported that immunoprecipitates of Fn14 contain RAC1, a Rho family GTPase 46, 57, 58 . This Fn14-RAC1 interaction does not occur if the Fn14 TRAF-binding site is deleted 58 ; therefore, RAC1 may either bind directly to this site or, more likely, its presence in Fn14 immunoprecipitates is due to its association with one or more TRAF proteins.
Fn14 gene expression.
TWEAK has biological effects on many cell types, so one would predict that Fn14 would be expressed to at least some degree in most cell and tissue types. This seems to be the case 17, 59 ; indeed, the only Fn14-negative cells described so far are primary T and B cells 17, 30, 39 and their corresponding immortalized cell lines (for example, Jurkat cells 39, 42 ). One interesting aspect of Fn14 biology, which is not shared by any other member of the TNFR superfamily, is that Fn14 gene expression is highly regulated both in vitro and in vivo. As mentioned earlier, the Fn14 gene was initially described by our group in 1999 as a polypeptide growth-factor-inducible, immediate-early response gene in murine NIH3T3 fibroblasts 10 . We also found that fetal bovine serum, a complex mixture of polypeptide mitogens and peptide hormones, and phorbol myristate acetate, an activator of protein kinase C, induced Fn14 expression in murine 10 and human 11 fibroblasts. Research conducted since then has revealed that several other growth factors, cytokines, hormones and compounds can increase Fn14 expression in vitro (TABLe 3) . Recently, Tran et al. 58 reported that TWEAK itself can induce Fn14 expression when added to glioma cell lines, and it will be of interest to investigate whether this occurs in other cell types as well. If so, this could be a mechanism to amplify TWEAK-stimulated cellular responses under certain conditions in vivo. The human Fn14 promoter region contains several potential transcription factor binding sites, including AP-1 sites and an NF-κB site 58 , but the transcription factors and promoter regulatory elements involved in Fn14 gene activation in vitro have not yet been reported. Our early observation that serum, the soluble fraction of coagulated blood that is encountered in vivo only at sites of tissue injury and remodelling, was a potent inducer of Fn14 expression in vitro 10, 11 , suggested that Fn14 expression might be increased after tissue injury. This possibility was confirmed using the murine liver partial hepatectomy 11 and the rat artery balloon injury 9 models. Subsequent studies have demonstrated that Fn14 gene activation also occurs in response to other tissue insults (fIG. 3) . These findings, together with two independent studies demonstrating Fn14 induction during nerve regeneration 57, 60 and the results obtained using genetically engineered mice, are consistent with the proposal that the TWEAK-Fn14 axis contributes to adult tissue repair and remodelling.
Another intriguing aspect of Fn14 biology that could have future clinical applications is that Fn14 is overexpressed in certain solid tumours relative to control non-tumorous tissue (fIG. 3) . Indeed, high Fn14 mRNA expression levels in glioblastoma multiforme tumours correlates with poor patient outcome 58 . Also, a recent transcriptional profiling study identified Fn14 as one of the 12 best candidate biomarkers to diagnose oesophageal adenocarcinoma at its early stages 61 . Tumour cells that express high levels of Fn14 might be more sensitive to TWEAK compared with non-neoplastic cells; alternatively, they may not even require TWEAK for effective Fn14 signalling (see below).
It is presently unknown why Fn14 expression is elevated in human tumours, but taking into consideration the results described above identifying Fn14 as a tissue injury-responsive gene, it is of interest to recall Harold Dvorak's proposal made over 20 years ago that solid tumours are essentially "wounds that do not heal" 62 . Recent global gene expression profiling studies demonstrating that many of the serum/growth factorresponsive genes expressed in fibroblasts encode proteins involved in the physiology of wound repair 63 and that many of these same genes are constitutively expressed in the tumour microenvironment 64, 65 , are consistent with this proposal. Remarkably, the expression of a selected set of the entire serum/growth factor-responsive gene repertoire (the "wound-response signature") in a primary tumour is associated with an increased risk of metastasis and reduced overall survival 64, 65 . The possibility that Fn14 could be a tumour biomarker and/or a molecular target for cancer therapy is discussed below. 2, 3 . It is likely that TWEAK engagement of the Fn14 receptor initiates the same series of events (fIG. 4a) . Indeed, it is known that TWEAK activation of intracellular signalling pathways requires the Fn14 TRAF-binding motif 66 and TRAF2 and TRAF5 function 5, 44, 56, 66 . Here, the focus will be on the molecular events that occur following Fn14-TRAF association.
TWEAK-dependent
TWEAK treatment of Fn14-positive cells has been shown to activate several different signalling cascades, but NF-κB pathway activation seems to be a universal cellular response. The NF-κB/Rel family of transcription factors includes five structurally related proteins that bind to DNA and regulate gene expression 67 . These factors form homodimers or heterodimers that together control the transcription of target genes encoding a diverse set of proteins involved in the immune response, inflammation, apoptosis and tumorigenesis 68, 69 . NF-κB complexes can be activated by many divergent stimuli by two major pathways 67, 70 . In the canonical or classic pathway, NF-κB complexes are present in the cytoplasm as inactive, latent transcription factors as a consequence of their association with the repressor protein IκBα. Stimulation of cells induces IκBα phosphorylation and proteosome-mediated degradation, and this results in NF-κB nuclear translocation and binding to DNA. In the non-canonical or alternative NF-κB signalling pathway, IκBα is not involved but instead extracellular stimuli induce proteolytic processing of NF-κB2 (p100), which promotes nuclear translocation of p52/RelB heterodimers. Numerous groups using a variety of cell types have reported that TWEAK-Fn14 binding activates the canonical NF-κB signalling pathway 5, 24, 26, 31, 33, [43] [44] [45] [46] [54] [55] [56] 58, 66, [71] [72] [73] [74] [75] [76] . TWEAK can also activate the canonical pathway when injected into the mouse brain 51 . One group has reported that TWEAK activates both the canonical and non-canonical NF-κB pathways when added to certain rat and mouse fibroblast lines 66 . However, non-canonical NF-κB pathway activation does not occur in all cells 54 . Finally, TWEAK treatment of several cell types has been shown to activate multiple signalling pathways. Specifically, in human endothelial cells, the canonical NF-κB, ERK and JNK pathways are activated 43 ; in murine C2C12 myoblasts, the canonical NF-κB and ERK pathways are activated 46 ; and in murine MC3T3-E1 osteoblast progenitor cells, the canonical NF-κB, ERK and phosphatidylinositol 3-kinase (PI3K)/ AKT pathways are activated 73 . Thus, TWEAK regulation of vastly different cellular responses is probably due, at least in part, to cell type-specific differences in Fn14-mediated intracellular signalling events.
As binding of TWEAK to Fn14 activates the NF-κB pathway, it is not surprising that treatment of various cell types in vitro with TWEAK has been shown to induce the expression of known NF-κB target genes, including the secreted matrix metalloproteinase MMP9 (Refs 47, 51, 76, 77) , the anti-apoptotic proteins A20, cIAP2, BCL-2 and BCL-XL 31, 71 , TRAF1 and TRAF3 (Ref. 31) , and, as mentioned earlier, Fn14 itself 58 . Most of the other TWEAK-responsive genes identified to date encode • Liver (hepatocellular carcinoma) 11, 49 • Testicular (carcinoma in situ) 128 inflammation-associated proteins, which is consistent with the central role of the NF-κB signalling pathway in controlling gene transcription during inflammation, a complex, dynamic process that occurs in tissues following traumatic, infectious, toxic or autoimmune injury 78, 79 . Examples of TWEAK-inducible pro-inflammatory molecules include cytokines (for example, interleukin 6 (IL6) 80, 81 ; granulocyte macrophage-colony stimulating factor (GM-CSF)) 75 ; chemokines (for example, IL8 72 reported that intravenous TWEAK injection (200 µg) induces MCP1 and IP10 mRNA expression in kidney. This geneexpression data, in combination with additional findings demonstrating that anti-TWEAK neutralizing monoclonal antibodies reduce inflammatory cell infiltration in mouse models of rheumatoid arthritis 47, 83 and multiple sclerosis 85 (see below) and that Fn14-null mice display a deficient inflammatory response following tissue injury 31 , is consistent with the proposal that TWEAK is in fact a pro-inflammatory cytokine. This property, as well as its ability to regulate cell proliferation and angiogenesis, supports the postulated role for TWEAK as an important regulator of tissue regeneration and repair in vivo.
TWEAK-independent Fn14 signalling. Several groups have reported that Fn14 may be able to signal in a ligandindependent manner when it is ectopically overexpressed in vitro. Specifically, ectopic Fn14 expression has been shown to activate the NF-κB signalling pathway 55, 56 and induce cellular responses, including rat PC12 cell neurite extension and growth cone formation 57 , rat aortic smooth muscle cell migration 56 , human glioma cell resistance to pro-apoptotic stimuli 71 , glioma cell migration and invasion 58, 86 and oesophageal adenocarcinoma cell invasion 87 . These Fn14-triggered effects require an intact TRAF binding site in the Fn14 cytoplasmic tail [55] [56] [57] [58] 71, 86 . Interestingly, Fn14-triggered PC12 neurite extension and glioma cell migration/invasion require RAC1 function 57, 58 . In all of the experiments described above, recombinant soluble TWEAK was not added to the cell culture medium; therefore, this effect is likely to be due to TWEAK-independent Fn14 signalling. However, it should be noted that if the fetal bovine serum in the cell culture medium contains TWEAK, or the cells under investigation produce soluble TWEAK, there could be some TWEAK-Fn14 binding under these experimental conditions. Also, at least in theory, the medium could contain an unidentified Fn14 ligand.
It has been shown that Fn14-triggered PC12 neurite extension cannot be inhibited with a soluble Fn14-Fc decoy protein 57 , so at least in this experimental system TWEAK-dependent signalling is not mediating the observed cellular response. In consideration of this finding, as well as previous results demonstrating that other TNFR superfamily members can signal on their own when overexpressed in cells [88] [89] [90] , it is possible that TWEAK-independent Fn14 signalling can occur in vitro when intracellular Fn14 levels reach a certain threshold level. The likely explanation for this effect is that Fn14 overexpression on the cell surface induces spontaneous trimerization and multimerization, and this 'receptor clustering' promotes TRAF association and intracellular signalling cascade activation (fIG. 4b) .
Could TWEAK-independent Fn14 signalling occur in vivo? Fn14 is expressed at relatively high levels in injured tissues and in solid tumours, but these levels of expression may or may not be high enough to trigger ligand-independent signalling. If these Fn14 expression levels are sufficient, then the TWEAK expression level in these tissues/tumours could be the critical factor that controls whether ligand-dependent or -independent Fn14 signalling predominates (fIG. 5) . In this model, if both TWEAK and Fn14 expression is elevated, which seems to be the case in ischaemic brain tissue 28, 33, 91 and in injured kidney 34 and skeletal muscle 31 , then TWEAKdependent Fn14 signalling would be the primary mechanism triggering cellular responses. Conversely, if TWEAK expression is low, but Fn14 expression is high, for example, as has been reported in advanced brain tumours 27, 58 , then TWEAK-independent Fn14 signalling may predominate.
TWEAK and Fn14 as therapeutic targets
The studies summarized above indicate that TWEAKdependent Fn14 signalling, and possibly also TWEAKindependent Fn14 signalling, might have an important role in wound repair -a coordinated, complex process involving blood clotting, cell proliferation, cell migration, inflammation and angiogenesis 92, 93 . In those instances of acute injury, Fn14 signalling would be transient in nature and beneficial. However, in conditions of chronic tissue injury and inflammation, TWEAK and/or Fn14 levels may be elevated, which could result in persistent activation of Fn14-coupled intracellular signalling cascades. This would probably produce harmful, pathological effects. This section will first review data indicating that TWEAK-Fn14 axis signalling could have a detrimental role in several different diseases and will then discuss possible therapeutic targeting strategies for inhibiting TWEAK-dependent and -independent Fn14 signalling in the clinical setting.
Cancer. Cancer initiation and progression is a multistep process that converts normal human cells into aggressive, malignant derivatives that cannot be effectively eliminated by the body's immune system 94, 95 . As discussed earlier, TWEAK and Fn14 are expressed in tumour tissue and TWEAK activates several cellular processes associated with tumour progression (for example, proliferation, invasion, angiogenesis and inflammation). The possibility that TWEAK-Fn14 axis function could contribute to tumour growth and metastasis has been discussed in two previous review articles 86, 96 . Here, evidence supporting the concept that TWEAK and Fn14 might play a part in several different aspects of tumour biology will be highlighted. . TWEAK expression has been detected in primary tumours, and it is probably produced, to varying degrees, by both tumour cells and non-neoplastic cells (discussed above). TWEAK that is present within solid tumour tissue could act on the tumour cells themselves, stimulating growth, survival, migration or even death (TABLe 1) . Two recent reports indicate that immune cellderived TWEAK can have either a positive 30 or negative 97 effect on tumour outgrowth. In one study, Tweak-null mice and wild-type littermate controls were injected subcutaneously with either moderately aggressive (B16.F10) or highly aggressive (B16.BL6) murine B16 melanoma subclones and tumour growth was monitored 30 . TWEAK deficiency completely inhibited B16.F10 tumour establishment and growth, and significantly attenuated B16. BL6 tumour growth. Additional research led the authors to conclude that TWEAK produced by cells of the innate immune system might normally act to suppress both innate and adaptive antitumour immunity. In the second study, Fn14-positive murine tumour cell lines were implanted subcutaneously into severe combined immunodeficient mice or syngeneic, immunocompetent DBA/2 mice and then either an anti-mouse TWEAK monoclonal antibody (mAb) or control immunoglobulin G (IgG) was administered intraperitoneally 97 . TWEAK neutralization promoted tumour growth, and this effect could be suppressed if macrophage infiltration into the tumour site was inhibited, suggesting that TWEAK contributes to the antitumour effect of tumour-associated macrophages. More studies are necessary in order to establish whether TWEAK, like several other cytokines 98 , can in fact exert either pro-tumorigenic or antitumorigenic effects depending on the particular microenvironmental conditions. TWEAK-dependent Fn14 signalling may promote tumour angiogenesis and inflammation. TWEAK produced in the tumour microenvironment could also act on vascular endothelial cells and stimulate both angiogenesis, which is crucial for primary tumour growth and metastasis 99, 100 , and inflammatory cell infiltration, which has both proand antitumorigenic effects 95, 101 . It is important to note that the processes of angiogenesis and inflammation are closely linked. Indeed, in the context of cancer, macrophage-derived TWEAK may contribute to inflammatory angiogenesis, an important force in tumour growth and expansion 102 . A potential role for TWEAK in tumour angiogenesis is supported by our findings showing that HEK293 cells that overexpress TWEAK form large, highly vascularized tumours when injected subcutaneously into mice 23 , but this possibility still needs to be vigorously tested in cancer models using Fn14-null mice or inhibitors of TWEAK-Fn14 binding. Of course, tumours produce multiple angiogenic factors, including vEGFA and FGF2; so, is it really important to add TWEAK to the ever-expanding list of tumour angiogenesis factors? Several interesting findings are relevant to this issue. First, vEGFA and FGF2 treatment of endothelial cells can induce Fn14 expression 43 . Second, TWEAK can act in concert with vEGFA or FGF2 to stimulate a synergistic endothelial cell growth response in vitro 43, 103 . Third, FGF2 angiogenic activity in vitro is potentiated by TWEAK 103 , and FGF2 angiogenic activity in vivo can be partially inhibited by a TWEAK antagonist 9 . Given these findings, vEGFA, FGF2 and TWEAK might cooperate during tumour angiogenesis. Specifically, vEGFA, FGF2 and TWEAK binding to their respective receptors on the endothelial cell surface may not only activate the endothelium and initiate the angiogenic process, but the first two factors, and possibly also TWEAK itself 58 , might act as TWEAK sensitizers by increasing Fn14 expression levels (fIG. 6) . In this scenario, TWEAK angiogenic activity could represent a significant fraction of the total angiogenic stimulus, and TWEAK could act both alone and in an additive or synergistic manner with vEGFA and FGF2 to promote vessel sprouting. If this is the case, then one could argue that TWEAK would be an attractive target for anti-angiogenesis therapy for patients with cancer. TWEAK-independent Fn14 signalling may promote tumour cell invasion and metastasis. Tumour cells frequently travel through the blood or lymphatic vessels to distant organs and this metastatic spread is responsible for the majority of cancer deaths 104 . Effective tumour cell metastasis requires the sequential completion of a complex, multistep process, which includes invasion through the tumour stroma, intravasation through the endothelium, survival in the circulatory system and extravasation into a distant site 105, 106 . In certain tumours -for example, brain tumours -cell invasion itself, not metastatic spread, is the predominant cause of tumour lethality 107 . In previous sections of this Review it was noted that Fn14 is overexpressed in certain solid tumours relative to control non-tumorous tissue and that ectopic Fn14 expression can activate intracellular signalling pathways and induce tumour cell responses. These findings provide the rationale for the hypothesis that TWEAKindependent Fn14 signalling may occur in tumour cells in vivo if Fn14 levels reach a certain threshold value. What would be the probable outcome? Recent studies using glioma and oesophageal adenocarcinoma cell lines have revealed that the invasive capacity of tumour cells can be altered by manipulating Fn14 levels; specifically, inhibiting endogenous Fn14 expression using siRNAs can decrease invasive activity, and increasing Fn14 expression levels using adenoviral vectors can increase invasive activity 58, 87 . Therefore, sustained TWEAK-independent Fn14 signalling in tumour cells may increase tumour cell invasiveness, and in certain tumour types, this could act in concert with other cytokine/chemokine-triggered signalling pathways to promote metastatic spread. Taken together, these findings suggest that Fn14 might not only be a tumour biomarker, but also a pro-invasive/metastatic molecule that warrants consideration as a novel therapeutic target for cancer.
TWEAK-dependent
Chronic autoimmune diseases. TWEAK is a proinflammatory cytokine, and as such, persistent TWEAKFn14 axis signalling could in theory play a role in human pathologies caused by excessive or abnormal inflammatory responses 78, 79 . Recent reports using rodent models of human disease have indicated that TWEAK-dependent Fn14 signalling can indeed contribute to the clinical severity of three autoimmune, inflammatory diseases: rheumatoid arthritis, SLE and multiple sclerosis.
Rheumatoid arthritis is a chronic inflammatory autoimmune disorder of the synovial joints that leads to cartilage and bone destruction. Angiogenesis, discussed earlier, is one of the key processes associated with disease progression 108 . Numerous cytokines, including TNF-α, are present in synovial tissues and contribute to the pathogenesis of rheumatoid arthritis 109 . Two independent groups, both using the mouse collagen-induced arthritis model, have recently reported that TWEAK is a potent arthritogenic cytokine 47, 83 . In this model, serum TWEAK levels increase during disease development 47 . These investigators found that intraperitoneal injection of an anti-TWEAK neutralizing mAb reduced overall disease severity 47, 83 and diminished several specific diseaseassociated processes including synovial hyperplasia 83 , inflammatory cell infiltration 47, 83 , synovial angiogenesis 47, 83 and cartilage/bone loss 47 . It will be important to confirm these results using Tweak-or Fn14-null mice backcrossed into the DBA/1 strain. In any case, these studies indicate that TWEAK-Fn14 axis signalling could be a novel therapeutic target for human rheumatoid arthritis.
SLE is an autoimmune, inflammatory disease characterized by autoantibody production and deposition of immune complexes in multiple organs, including the kidney (lupus nephritis) 110 . The possibility that TWEAK could contribute to the inflammatory damage that is associated with this disease has been reviewed 111 . Initial work revealed that patients with SLE and nephritis had higher urinary TWEAK levels than lupus patients with no history of renal involvement or inactive nephritis 112 . In a pivotal paper, Zhao et al. 50 studied TWEAK-Fn14 axis function in a chronic graft-versus-host SLE mouse model, with particular focus on renal disease severity. These investigators found that when mice with induced lupus were treated with an anti-TWEAK neutralizing mAb (intraperitoneal injection), both kidney cytokine/ chemokine production and urinary total protein levels (an indictor of renal damage) were significantly reduced. Furthermore, when they compared disease development in wild-type versus Fn14-null mice, they found that Fn14 deficiency reduced proteinuria as well as kidney IgG deposition, cytokine/chemokine production and macrophage infiltration. These findings indicate that TWEAK blockade might be a novel therapeutic approach to treat patients with SLE and with active kidney disease. Multiple sclerosis is the most common demyelinating disease of the central nervous system 113 . Experimental autoimmune encephalitis (EAE), perhaps the best characterized animal model of human autoimmune disease, recapitulates many, but not all, aspects of multiple sclerosis 113, 114 . TWEAK mRNA expression in brain and spinal cord is increased during the development of myelin-oligodendrocyte glycoprotein (MOG)-induced EAE and, as mentioned earlier, soluble TWEAK-overexpressing transgenic mice develop a more severe form of EAE 29 (TABLe 2) . Consistent with this finding, Mueller et al. 84 found that intramuscular injection of a rat fulllength TWEAK expression plasmid increased spinal cord inflammation and disease severity in a rat model of MOG-induced EAE. Additionally, two independent approaches have indicated that TWEAK-Fn14 axis blockade is efficacious in EAE models. In one study, rats or mice were injected intraperitoneally with recombinant rat TWEAK or Fn14 extracellular domain proteins to generate TWEAK-specific or Fn14-specific antibodies that were capable of neutralizing TWEAK biological activity in vitro 84 . vaccination with these proteins reduced spinal-cord inflammation and disease severity in both the rat and mouse EAE models. In another study, Desplat-Jego et al. 85 found that intraperitoneal injection of an anti-TWEAK neutralizing mAb reduced spinalcord inflammatory cell infiltration and disease severity in the mouse MOG-induced EAE model. These findings support the possibility that TWEAK-Fn14 axis blockade could be a promising therapeutic approach for multiple sclerosis.
Acute ischaemic stroke. Stroke is the second most common cause of death and the leading cause of long-term disability in the world. In most cases, this disease is initiated by occlusion of a cerebral blood vessel, which results in irreversible ischaemic brain injury. Brain ischaemia triggers a cascade of molecular and cellular events, including energy depletion, excitotoxicity, an inflammatory response, an increase in blood-brain barrier permeability, the development of cerebral oedema and neuronal cell death [115] [116] [117] . Experimental evidence implicating the TWEAK cytokine in the pathogenesis of acute ischaemic stroke has been reviewed previously [118] [119] [120] ; therefore, this section will provide a brief overview of the available data supporting the notion that TWEAK-Fn14 axis targeting might be a novel strategy for stroke therapy.
The first report indicating that TWEAK was involved in cerebral ischaemia-induced cell death was published in 2004. In this study, Potrovita et al. 33 found that TWEAK could induce murine cortical neuron apoptosis in vitro, and that this response was mediated, at least in part, by NF-κB pathway activation. They also reported that TWEAK and Fn14 expression increased after cerebral Figure 7 | Potential therapeutic strategies for inhibiting Fn14-triggered pathological conditions. TWEAKdependent Fn14 signalling is likely to be the predominant mechanism inducing pathological effects in humans. This pathway could be blocked using various protein-or small molecule-based TWEAK-or Fn14-targeted drugs that prevent TWEAK binding to Fn14. Indeed, the first two therapeutic strategies listed under TWEAK-dependent Fn14 signalling have shown efficacy in several rodent models of human disease. Alternatively, one could use membranepermeable drugs that prevent Fn14-TRAF (TNFR-associated factor) association or inhibit downstream signalling events, but in this case it may prove more difficult to achieve TWEAK-Fn14 axis specificity. It is also possible that in tissues where the Fn14 receptor is overexpressed and TWEAK levels are low, TWEAK-independent Fn14 signalling could contribute to certain disease pathologies. This pathway could be inhibited using an anti-Fn14 monoclonal antibody (mAb) that blocks receptor multimerization or disassociates preformed multimers. Alternatively, Fn14-targeted toxins delivered as fusion proteins or chemical conjugates could be used to kill Fn14-overexpressing cells. One could also target Fn14-TRAF association or downstream signalling events as mentioned in the main text.
ischaemia in mice, and that intraperitoneal administration of an anti-TWEAK neutralizing mAb could reduce cerebral infarct size in a permanent middle cerebral artery occlusion stroke model. Subsequently, yepes and colleagues reported that intracerebroventricular injection of a soluble Fn14-Fc decoy receptor significantly reduced both infarct volume 28 and cerebral oedema 51 using a similar murine stroke model. The possibility that TWEAK-Fn14 axis signalling within the ischaemic brain contributes to both cell death and an increase in the permeability of the blood-brain barrier was recently confirmed using Fn14-null mice 52 (TABLe 2) . Finally, TWEAK can activate the NF-κB pathway in brain tissue 51, 52 , and it probably participates in the post-ischaemic inflammatory reaction (M. yepes and J. Winkles, unpublished observations). These findings implicate TWEAK-dependent Fn14 signalling in the pathogenesis of ischemic cerebral damage; accordingly, the TWEAK-Fn14 axis might also be a good target for ischaemic stroke therapy.
Therapeutic strategies for inhibition of Fn14 signalling.
The studies summarized above indicate that TWEAK and Fn14 might have a role in tumour progression and that TWEAK-Fn14 axis signalling can increase disease severity in rodent models of autoimmune disease and stroke. Hyperactive or persistent TWEAK-dependent or -independent Fn14 signalling may trigger pathological effects in humans, and there are numerous approaches that one could consider for inhibiting Fn14 signalling in diseased tissues (fIG. 7) . In regard to the conventional TWEAK-dependent Fn14 signalling pathway, either an anti-TWEAK neutralizing mAb or soluble Fn14-Fc decoy protein could be used to prevent TWEAK binding to Fn14 cell-surface receptors, and in fact these two agents have shown therapeutic efficacy in vivo. Indeed, similar protein-based drugs targeting the TNFα-TNFR2 axis are some of the most successful marketed biologics to date 121 . Other strategies include the use of anti-Fn14 extracellular domain mAbs that prevent TWEAK-Fn14 binding or Fn14 trimerization. Alternatively, one could administer small-molecule antagonists that prevent TWEAK trimerization or TWEAK-Fn14 association. Compounds that penetrate the plasma membrane and block Fn14 trimerization, TRAF-Fn14 association, or signalling pathway activation (for example, NF-κB inhibitors) could also be considered. In regard to the postulated TWEAK-independent Fn14 signalling pathway that may be activated when Fn14 expression is elevated and TWEAK levels are low, one strategy would be to administer an anti-Fn14 mAb that interferes with Fn14 multimerization or disassociates preformed multimers.
Alternatively, one could deliver proteins consisting of either anti-Fn14 mAb Fv fragments or the TWEAKreceptor binding domain fused, linked or chemically conjugated to either a plant or bacterial toxin. These types of agents have been developed by various groups to target and destroy cells that overexpress particular cellsurface receptors 122 . One of the several issues that must be considered when developing these types of agents for clinical use is that patients will develop neutralizing antibodies to the toxin moiety. Finally, TWEAK-independent Fn14 signalling could also be targeted using cell-permeable agents as described above.
Concluding remarks and future studies
Research conducted in numerous laboratories during the past decade has revealed that TWEAK, acting via the Fn14 cell-surface receptor, is a multifunctional proinflammatory/pro-angiogenic cytokine that might normally participate in the process of wound repair and tissue regeneration. Furthermore, these studies suggest that dysregulated (that is, sustained) Fn14 signalling may contribute to the pathogenesis of cancer, inflammatory diseases and ischaemic stroke. Although much progress has been made, there are many unanswered questions. Can membrane-anchored TWEAK function in a juxtacrine manner to bind and activate Fn14 receptors on neighbouring cells? Is membrane-anchored TWEAK capable of reverse signalling, as demonstrated for several other TNF-like cytokines 123 ? How does TWEAK binding to the Fn14 receptor induce neuronal cell apoptosis? Could the TWEAK-Fn14 axis have a role in the pathogenesis of an even greater spectrum of human diseases? Atherosclerosis, the cause of myocardial infarction, is primarily an inflammatory disease, and atherosclerotic lesions contain both inflammatory/immune cells and vascular smooth muscle cells (SMC) 124 . As TWEAK and Fn14 are co-expressed in atherosclerotic lesions 76, 125 and TWEAK is a smooth muscle cell mitogen 8 and chemotactic factor 56 , could TWEAK activity contribute to intimal smooth muscle cell accumulation and local inflammation in this setting? Also, TWEAK and Fn14 expression has been detected in the heart 4, 5, 10, 11 , but there have been no reports investigating TWEAK-Fn14 axis function in this critical organ. Does TWEAK exert beneficial or detrimental effects after cardiac injury? Could TWEAK, like TNF-α
126
, have a role in chronic heart failure? It is anticipated that future basic and translational studies focused on the TWEAK-Fn14 axis will undoubtedly reveal more unexpected and unique functions for this axis and further clarify if TWEAK and Fn14 are indeed suitable molecular targets for the development of novel therapeutics.
